ultimately anchored to the cell surface by a glycosylphosphatidylinositol anchor (1, 7, 8) . It is localized in cholesterol-rich membrane microdomains called rafts or caveo-like domains (9) . The transition between PrP C and PrP Sc occurs post-translationally on the cell surface and/or in an endocytic pathway (10, 11) . No differences in the covalent structure have been observed between PrP C and PrP Sc (12) . However, the two protein isoforms have profoundly different biochemical and biophysical properties. PrP C is soluble in mild detergents and easily degradable by proteinase K, whereas PrP Sc is insoluble in mild detergents and highly resistant to proteinase K digestion (7, 13, 14) . Furthermore, spectroscopic studies have revealed that the two isoforms have markedly different secondary structures: PrP C consists largely of α-helices, whereas PrP Sc is rich in β-sheet structure (15) (16) (17) .
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Since the critical step in the pathogenesis of spongiform encephalopathies appears to be a conformational transition of PrP, there is currently great interest in understanding the biophysical properties of the prion protein. Recent studies have provided a wealth of data on the threedimensional structure, folding pathway, and thermodynamic stability of the recombinant model of PrP C (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . However, the molecular mechanism of conformational transition(s) underlying the conversion of PrP C to PrP Sc still remains unknown. In a recent study (29) , it was reported that, upon reduction of a single disulfide bridge, the recombinant prion protein could reversibly switch between α-helical conformation and a monomeric form rich in β-sheet structure. It was also postulated that the latter form represents a key monomeric precursor of PrP Sc . The notion that a monomeric protein could exist in two profoundly different conformations is highly intriguing and has potentially far-reaching implications. To obtain further insight into the molecular basis of conformational transitions in prion protein, we have undertaken detailed studies on the effect of disulfide bridge on the folding and conformational stability of the recombinant human PrP. Our data show that the removal of a disulfide bridge greatly destabilizes the native structure of the protein. In the presence of salt, the reduced or Cys-free protein is highly prone to oligomerization. However, under no experimental conditions could we observe a monomeric β-sheet-rich form of the protein. Both in the presence (28) and absence of a disulfide bridge, β-structure was formed only upon oligomerization of the recombinant PrP. 6 mM imidazole, 6 M GdnHCl, pH 5.8. Protein was then dialyzed against a 10 mM sodium acetate buffer, pH 5.6, and the His tail was cleaved by 15 h treatment at room temperature with thrombin (10 units/mg protein). The free peptide and thrombin were removed by selective precipitation of C179A/C214A huPrP23-231 in sodium phosphate buffer, pH 7.0. The pellet was dissolved in 10 mM sodium acetate containing 8 M urea, pH 4.0. Finally, the purified protein was refolded by ten-fold dilution in 10 mM sodium acetate, pH 4.0, followed by extensive dialysis against the same buffer. To remove the residual aggregated protein, the dialyzed sample was filtered and ultracentrifuged for 3 h at 100,000 g. Protein concentration was determined by using a molar coefficient at 276 nm of 56,650 M
Preparation of the reduced huPrP -To reduce the disulfide bond, the wild type huPrP23-231 or huPrP90-231 was unfolded with 8 M urea or 6 M GdnHCl in 10 mM Tris, pH 8.0, and treated for 15 h at room temperature with 100 mM DTT. Upon reduction, the protein was refolded by dialysis against 10 mM sodium acetate, 1 mM DTT, pH 4.0. The dialyzed sample was filtered and ultracentrifuged at 100,000 g for 3 h.
Circular-Dichroism Spectroscopy and Equilibrium
Unfolding in Urea -Far-UV CD spectra were recorded in a 1 mm quartz cell at a protein concentration of 0.25 mg/ml. Near-UV CD spectra were obtained using a 1 cm cell at a protein concentration of 1 mg/ml. To obtain equilibrium unfolding curves, huPrP23-231, Cys-free huPrP23-231 and reduced huPrP23-231
were diluted (to a final concentration of 0.024 mg/ml) in 10 mM sodium acetate, pH 4.0, containing different concentration of urea. Samples were incubated for 24 h at room temperature and the ellipticity at 222 nm was measured in a 1 cm cell by averaging the signal over 1 min. The concentration of urea was determined by refractive index measurements. All CD measurements were carried out at room temperature on a Jasco J-810 spectropolarimeter. 7 ANS Binding -Protein samples were diluted to a concentration of 0.05 mg/ml in 50 mM sodium acetate buffer, pH 4.0, containing 10 µM ANS. After 1 h incubation in dark, fluorescence spectra were measured on an SLM 8100 spectrofluorimeter using the excitation wavelength of 375 nm.
Dynamic Light Scattering -The hydrodynamic radius of monomeric forms of PrP was measured by quasi-elastic light scattering on a DynaPro-801 molecular size detector (Protein Solutions Inc.). Data were analyzed with the software provided by the manufacturer using appropriate viscosity and refractive index corrections.
Size-Exclusion Chromatography -Size-exclusion chromatography was performed using Bio-Sil SEC-250 column (Biorad) attached to a RAININ HPLC system. The column was preequilibrated with 10 mM sodium acetate, 50 mM NaCl, pH 4.0, and the protein was eluted using the same buffer at the flow rate of 1 ml/min. The elution of the protein was monitored by absorbance at 280 nm. 10% for the Cys-free mutant. It should be noted that under present experimental conditions, freshly prepared monomeric protein was stable for at least 10 hours. However, upon longer 9 incubation at room temperature the protein had a tendency to self-associate. The behavior of the reduced and Cys-free protein contrasts with that of the disulfide bridge-containing huPrP23-231.
The latter protein could be reversibly unfolded and refolded both at neutral and acidic pH. The refolded species retained native α-helical conformation and was stable as a monomer for many days or even weeks.
Conformational Properties of the Monomeric Form of the Disulfide Bridge-Free
huPrP23-231. The effect of disulfide bridge on the secondary structure of huPrP23-231 was assessed by far-UV circular dichroism spectroscopy. As shown in Fig. 1 , the spectrum at pH 4 for the wild-type protein with an intact disulfide bridge exhibits a double minimum at 208 and 222 nm (with a mean residue ellipticity at 222 nm, Θ 222 , of -8000 degree cm ). The above spectral data indicate that in the absence of the disulfide bridge, prion protein refolds (as a monomer) into a conformation that is characterized by a major loss of α-helix and increased proportion of an unordered structure.
The perturbation of structural integrity upon removal of the disulfide bridge in huPrP is also indicated by near-UV circular dichroism spectroscopy. Near-UV CD spectra provide a very sensitive probe of a global tertiary structure of proteins (31) . As shown in Fig. 2 region. This spectral change most likely reflects at least partial collapse of native tertiary interactions in the protein (31) . However, a small part of signal reduction could also be due to the loss of spectral contribution from the disulfide bond.
The conformational properties of the reduced and Cys-free variants of huPrP23-231 were further probed using the hydrophobic dye ANS. This dye, the fluorescence of which greatly increases upon binding to hydrophobic sites, has been widely used to assess the surface hydrophobicity of proteins (32) . mM sodium acetate) and in the absence of NaCl. Upon addition of NaCl, there was a rapid change in the CD spectrum to the one with a minimum at approximately 215 nm (Fig. 5) , indicating a conformational transition to a form rich in β-sheet structure (31) . Under the present experimental conditions, this conformational transition was very fast, precluding detailed kinetic studies. For example, at a protein concentration of 0.25 mg/ml and NaCl concentration of 50 mM, the changes in the spectrum were complete within less than 3 minutes. In contrast to the reduced and Cys-free proteins, the oxidized huPrP23-231 remained α-helical even after 24 h incubation in the presence of 50 or 100 mM NaCl.
The oligomerization state of different forms of huPrP23-231 was assessed by size exclusion chromatography (Fig. 6) . Under the conditions corresponding to β-sheet formation (10 mM sodium acetate, 50 mM NaCl), the reduced and Cys-free proteins consistently eluted as high molecular aggregates larger than the 600 kDa fractionation limit of the Bio-Sil SEC-250 column.
The above elution profile was highly reproducible and repeated experiments provided no indication for the presence of a monomeric β-sheet-rich species. This contrasts with the behavior of the oxidized (α-helical) huPrP23-231 that, under the same buffer conditions, eluted at a time corresponding to a monomeric prion protein. Attempts to obtain size exclusion data in the absence of NaCl were unsuccessful since, under these conditions, huPrP23-231 adsorbs to BioSil column and other chromatographic media tested (Superdex, Sephacryl, Superose). However, the monomeric state of both the oxidized, reduced and Cys-free forms of huPrP23-231 in the NaCl-free buffer is clearly indicated by quasi-elastic light scattering experiments as described above. . The formation of β-sheet structure was invariably associated with oligomerization of prion protein into high molecular weight aggregates. A transition to an oligomeric β-sheet-rich structure was also reported in a related study with a redacted chimeric mouse-hamster PrP consisting of 106 amino acids (37) . Importantly, the above two studies provide no evidence for the presence of a monomeric β-sheet-rich conformer of the prion protein.
A markedly different behavior was reported for prion protein with a reduced disulfide bond.
According to Jackson et al. (29) , at neutral pH the reduced huPrP90-231 exists as a native α-helical conformer, whereas at acidic pH it adopts a monomeric form rich in a β-sheet structure.
These authors also proposed that the reduction of prion protein in intracellular compartments could play a crucial role in the PrP C →PrP Sc conversion. However, this hypothesis is controversial (3) and certain observations argue against the involvement of disulfide bond reduction in the pathogenesis of prion disease (38, 39) .
In this study, we have examined the biophysical properties of the disulfide bridge-free of the reducing agent. This could potentially lead to recreation of the disulfide bond. Therefore, to avoid any ambiguity, in addition to using the reduced protein, the present experiments were also performed with a huPrP23-231 variant in which the two Cys residues were replaced with alanine. Our data show that at neutral pH both the reduced PrP as well as the Cys→Ala variant form insoluble aggregates. The proteins could be recovered in a monomeric form only under the conditions of acidic pH in a NaCl-free buffer. Compared to the PrP with an intact disulfide bond, the monomeric forms of the disulfide-free variants are characterized by a major loss of secondary structure, disruption of native tertiary interactions, greatly increased affinity for hydrophobic dyes, and a loss of cooperative unfolding transition in urea. Some of these properties are (41) . Examples of proteins that upon reduction of one or more disulfide bonds adopt molten globule-like or partially unfolded conformation include α-lactalbumin (43) and papain (44) . It was previously reported that at acidic pH the reduced recombinant prion protein refolds to a stable monomeric form that is rich in β-sheet structure (29) . However, present results are at odds with this report. We are also not aware of any other protein that would switch from a monomeric α-helical conformation in the oxidized state to a monomeric β-sheet structure in the reduced state.
The present study demonstrates that, upon addition of NaCl, the molten-globule-like (disulfide-free) form of huPrP23-231 undergoes a transition to a β-sheet-rich structure. This transition was invariably associated with protein self-association. In contrast to the previous report (29) , no monomeric β-sheet-rich conformer could be detected in our experiments with huPrP23-231 and huPrP90-231. The protein self-association reaction and changes in CD spectra occurred very rapidly (within the dead-time of the present experiments), suggesting that the helix→β-sheet transition is an integral part of the oligomerization process. However, the present data do not allow us to exclude the possibility that the self-association step may be preceded by the formation of a transient monomeric β-sheet rich conformer. Such a conformer would be, however, very short-lived and highly prone to aggregation. 
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The finding that the reduced PrP at acidic pH adopts an oligomeric β-sheet structure is in line with previous observations for huPrP90-231 with an intact disulfide bond (28) . However, compared with the latter protein, the reduced form is characterized by substantially increased propensity to form a polymeric β-sheet-rich form. In contrast to the disulfide bridge-containing PrP, the conversion of the reduced (molten globule-like) protein is triggered by salt alone and does not require denaturing agents such as guanidine HCl or urea. This suggests that destabilization or partial unfolding of the native α-helical conformation is a key factor in the 
